Background: Osteopenia has been associated with antiretroviral therapy, particularly with protease inhibitors. Osteopenia in HIV-uninfected men is associated with mitochondrial defects.
Introduction
Osteoporosis is a recently described adverse event in patients with HIV infection. Prior to the introduction of long-term highly active antiretroviral therapy, healthy HIV-infected adults generally had normal bone mineral density that was stable over time [1] . This suggests that known risk factors for osteopenia that have always been common in HIV-infected patients, such as smoking, reduced exercise, hypogonadism and cytokine activation, may not play a major role in HIVrelated osteopenia.
Two more recent studies found an increased (42% and 38%) prevalence of osteopenia in HIV-infected adult outpatients receiving combination antiretroviral therapy. In one study, osteopenia was linked to protease inhibitor therapy, although potential confounding factors such as nucleoside analogue drug type and duration, smoking, exercise, testosterone, lean body mass and weight prior to therapy were not studied [2] . The second study found a high prevalence in lipodystrophic adults recruited to a randomized study of protease inhibitor cessation [3] . However, no difference in bone density was seen between the two randomized groups after 48 weeks. Although no potential risk factor for osteoporosis was identi®ed, this study population all had lipodystrophy and extensive pretreatment with nucleoside analogues and protease inhibitors. Although both these studies reported no fractures, osteoporotic fractures have been reported in two HIV-infected African women [4] .
Osteoporosis has been linked to mitochondrial deletions in young HIV-uninfected males with no other clinical features of mitochondrial disease, although some had asymptomatic lactic acidemia [5, 6] . Lactic acidemia is a well-described mitochondrial toxicity of HIV nucleoside analogue therapy [7±13] . To address the possibility that HIV-associated osteopenia might have a mitochondrial pathogenesis, the prevalence of osteopenia or osteoporosis, and of factors associated with their presence, was assessed in a cohort of adult men in whom numerous parameters including lactate and body composition had been studied.
Methods Subjects
The study population of 221 men comprised 32 antiretroviral-naive patients without lipodystrophy, 14 nucleoside analogue recipients with lipodystrophy, 28 nucleoside analogue recipients without lipodystrophy, 103 nucleoside analogue plus protease inhibitor recipients with lipodystrophy and 44 nucleoside analogue plus protease inhibitor recipients without lipodystrophy [7] . The 14 nucleoside analogue recipients with lipodystrophy were taking part in a study evaluating lipodystrophy and lactic acidemia in patients naive to protease inhibitor therapy and they represented all such outpatients seen between June 1998 and January 1999. The remaining patients were all healthy HIV-infected male outpatients seen for routine care between October, 1998 and February, 1999, who were consecutively recruited to the Australian lipodystrophy prevalence survey (11 of the 14 cases were seen during the latter period and were also recruited to the prevalence survey). No patient had an AIDS-de®ning condition in the 3 months prior to study. Body composition was measured within 4 weeks of clinical and metabolic assessments by dual-energy Xray absorptiometry (DXA; Lunar DPXL, Madison, Wisconsin, USA) in a single scanner. Bone parameters recorded included total body bone mineral density, total body bone mineral density t-score (density compared with healthy male Australians aged 20±45 years) and total body bone mineral density z-score (density compared with Australian age, weight, race and sexmatched adults). Spinal bone mineral density was estimated from the total body scans; for that reason spine t-scores and z-scores could not be determined. Intra-abdominal and extra-abdominal fat at the L4 vertebral level was estimated by single-cut computed tomography.
Osteopenia was de®ned according to World Health Organization (WHO) criteria by a total body bone mineral density t-score 1.0±2.5 SD below mean normal (an average t-score in young men is zero; an average z-score in a given age, sex and racial group is also zero), and osteoporosis by a total body bone mineral density t-score of . 2.5 SD below mean normal [15] . Lactic acidemia was de®ned by serum lactate . 2.0 mmol/l and lipodystrophy by patient report (standardized questionnaire) of peripheral lipoatrophy (fat loss from face, arms, buttocks or legs) and/ or central fat accumulation (abdomen, dorsocervical fat pad) that was con®rmed by physical examination [7] .
Because of the small number of patients with osteoporosis, these patients were combined with the osteopenic patients for all analyses. Comparisons between patients with osteopenia or osteoporosis and those with normal bone density used the Mann±Whitney test for continuous variables and Fisher's exact test for categorical variables. Parameters associated with osteopenia or osteoporosis were assessed using logistic regression. All parameters were examined individually, and those parameters signi®cantly (2-sided P < 0.05) associated with osteopenia or osteoporosis were entered into a stepwise regression model. Stepwise logistic regression was also used to evaluate any association of each parameter with lactic acidemia. Parameters associated with total bone mineral density and spinal bone mineral density were assessed using linear regression. All parameters were examined individually, and parameters signi®cantly associated with reduced total bone mineral density or spinal bone mineral density were entered into respective stepwise regression models. As three of the 14 nucleoside analogue recipients with lipodystrophy were studied prior to the lipodystrophy survey, analyses were repeated with exclusion of these three patients; these analyses gave similar results and are not presented.
Results

Subjects
The mean age of the 221 patients was 43 (SD 9) years; the mean duration of HIV infection was 7.6 (4.5) years; 44 (20%) patients had AIDS, 116 (52%) patients had lipodystrophy, 44 (20%) had lactic acidemia and 32 (14%) had symptomatic lactic acidemia ( Table 1 ). The mean CD4 count was 485 3 10 6 cells/l (SD 284) and plasma viral load was 3.17 log 10 copies/ml (SD 0.96). No patient had a documented fracture since being diagnosed with HIV infection.
The mean (SD) total body bone mineral density in the 221 patients was 1.22 g/cm 2 (0.15), equivalent to a tscore of À0.05 (1.17) and a z-score of 0.16 (1.08). Of 51 (23%) patients who had reduced total body bone mineral density, 44 (20%) had osteopenia, and seven (3%) had osteoporosis. Reduced total bone mineral density was found in two (6%) drug-naive patients, 11 (26%) nucleoside analogue recipients and 36 (25%) nucleoside analogue plus protease inhibitor recipients. Australian population data, from which our t-scores are derived, suggest that 16% of age-and race-matched healthy men would be expected to have osteopenia, suggesting the prevalence in the nucleoside analogue plus protease inhibitor recipients was about 50% greater than expected (P 0.019).
The mean total bone mineral density t-score was 0.58 (1.00) in drug-naive patients, À0.01 (1.22) in nucleoside analogue recipients, and À0.16 (1.16) in nucleoside analogue plus protease inhibitor recipients (P 0.023). Mean spinal bone mineral density was 1.13 g/cm 2 (0.13) in drug-naive patients, 1.06 g/cm 2 (0.12) in nucleoside analogue recipients and 1.04 g/ cm 2 (0.11) in nucleoside analogue plus protease inhibitor recipients (P 0.008).
Patients with osteopenia or osteoporosis had longer durations of HIV infection and of stavudine therapy, higher HIV viral load and lactate (and the known associated parameters of low bicarbonate and raised alkaline phosphatase), more symptomatic lactic acidemia, more lipoatrophy (but not more central fat accumulation), lower body weight pre-antiretroviral therapy and lower current weight, lean body mass, total fat mass and peripheral fat mass ( Table 1 ).
The only parameters independently associated with osteopenia or osteoporosis were higher lactate [odds ratio (OR) 2.39 per 1 mmol/l increase; 95% con®-dence interval (CI) 1.39±4.11; P 0.002] and lower weight prior to commencing antiretroviral therapy (OR 1.06 per 1 kg decrease; 95% CI 1.02±1.11]; P 0.006; Table 2 ). Osteopenia was associated with both symptomatic and asymptomatic lactic acidemia and was signi®cantly associated with lactate at any level . 2.0 mmol/l. In turn, factors independently associated with lactic acidemia were current didanosine therapy (OR 6.10; 95% CI 2.67±13.89; P , 0.0001) and current stavudine therapy (OR 2.90; 95% CI 1.25±6.71; P 0.013). There was no association with current smoking; current exercise level; the use, duration or type of protease inhibitor or non-nucleoside analogue therapy; central fat accumulation (abdomen or dorsocervical spine); total or high density lipoprotein cholesterol; triglycerides; glucose; insulin; C-peptide; or estimated insulin resistance (data not shown).
The only parameters independently associated with lower total bone mineral density were greater age, lower lean body mass and greater duration of stavudine therapy (Table 3 ). In contrast, for lower spinal bone mineral density, the only independently associated parameters on linear regression were greater age, higher lactate levels and greater total duration of all nucleoside analogue therapy.
Discussion
The present study has con®rmed previous studies that found osteopenia to be common in HIV-infected adult males receiving antiretroviral therapy even after adjustment for age. This osteopenia may result from mitochondrial toxicity of nucleoside analogues because osteopenia was associated with lactic acidemia (and lactic acidemia in turn with nucleoside analogue therapy), and the signi®cant association on univariate logistic regression with nucleoside analogue therapy (a major cause of lactic acidemia) was lost after adjustment for lactate level (Table 2) .
Overall, the data suggest that the cumulative duration and magnitude of lactic acidemia induced by nucleoside reverse transcriptase inhibitors may be most responsible for the increase in loss of bone mineral mass in our patients. Osteopenia was not directly associated, however, with any particular nucleoside analogue (although only 13 patients were receiving abacavir and so no conclusion about its impact can be made). This suggests that osteopenia can develop with any nucleoside analogue but mostly if lactic acidemia is present. [7] Didanosine was most linked to lactic acidemia but was not signi®cantly associated with osteopenia. Given the observed nucleoside analogue duration effect, it may be the relatively shorter period of didanosine therapy was suf®cient to raise lactate but not to lower bone mineral density.
There are at least two possible explanations as to why lactic acidemia could be associated with osteopenia. As noted, mitochondrial deletions have been associated with osteoporosis and lactic acidemia in young adult males with no other overt signs of mitochondrial disease [5, 6] . It remains to be determined, however, whether the observed increase in lactate derives from bone or is merely a parallel phenomenon. A second possibility to explain the link between lactic acidemia and osteopenia is that increased lactate production elsewhere (such as the liver) is being buffered by calcium hydroxyapatite from bone for subsequent urinary excretion, as has been observed in studies of increased protein intake, which also incurs a signi®cant acid load. The predominant association of lactic acidemia with reduced spinal bone density might be explained by the fact that cancellous/trabecular bone, which forms the greater proportion of vertebral bone, is a more labile store of calcium than is cortical long bone, and so the spine might be more susceptible to the effects of lactic acidemia and/or nucleoside analogues.
There was no independent association between osteopenia and protease inhibitor duration, use or type. Similarly, neither hyperlipidemia nor insulin resistance, both common complications of protease inhibitor therapy, was linked with osteopenia or reduced spinal bone density [16, 17] . This may explain why protease inhibitor withdrawal in a randomized study found no bene®cial impact on bone density over 48 weeks [3] . Nevertheless, the association of reduced spinal bone mineral density with protease inhibitor duration deserves further investigation. Assessment of osteopenia in studies of nucleoside analogue withdrawal will also be important.
As osteoporosis to date is relatively rare and almost exclusively asymptomatic, there appears little need to screen routinely for osteoporosis or to alter nucleoside analogue therapy based on bone density data until it is established prospectively whether nucleoside analogues cause osteopenia and whether their cessation can lead to improved bone density. However, it may be prudent to address modi®able risk factors in patients found to have osteopenia, such as smoking, alcohol abuse, physical inactivity and hypogonadism. It will also be important to determine the prevalence of and risk factors for osteoporotic fractures in larger studies.
There are inherent weaknesses of the present study. First, the study was not prospective nor randomized, and so the possibility remains that unmeasured biases might underlie the associations observed. This seems unlikely, however, as not only was lactic acidemia Parameters listed are all those for which P , 0.05 on univariate linear regression for either spinal or total bone mineral density. On multiple linear regression analysis of total bone mineral density, age and total lean mass are presented adjusted for each other, and other parameters adjusted for both these parameters. On multiple linear regression analysis of spinal bone mineral density, lactate, age and total duration of nucleoside analogue therapy are presented adjusted for each other, and other parameters adjusted for these parameters.
signi®cantly associated with osteopenia, but so also were low bicarbonate and raised alkaline phosphatase, both features of lactic acidemia [7,10±15] . Second, the study has not evaluated women (in whom osteopenia is likely to be more common), children or various racial groups. Third, HIV-negative adult men were not studied. Australian population data (from which the tscores and z-scores are derived) suggest, however, that about 16% of age-and race-matched healthy men would be expected to have osteopenia. This would indicate a prevalence in HIV-infected men of approximately 50% higher than expected. Lastly, whole body DEXA, rather than speci®c bone DEXA, was used for estimation of bone parameters, although a high correlation between both methods for estimation of bone mass and density has been observed [2] . Prospective studies will be required to de®ne the relative contributions of antiretroviral therapy and HIV infection to osteopenia.
Lactate is not routinely measured in nucleoside analogue recipients, and nucleoside analogue therapy is generally ceased only in patients with symptomatic lactic acidemia greater than 5 mmol/l. As asymptomatic (low-level) lactic acidemia occurs in 12±20% of nucleoside analogue recipients [7, 13] and is now linked to osteopenia, measurement of lactate in nucleoside analogues recipients without symptoms of lactic acidemia who have a fracture, osteoporosis or other risk factors for osteoporosis should be considered.
